BALLISTIC  RESEARCH  LABORATORY 


I T$  . 


\ 


Si 


s 


REPORT 

ROGGLA’S  EQUATION  AND  ITS  APPLICATION  TO  INTERIOR  BALLISTIC  PROBLEMS 

(REVISED  July  3,  I9I4I) 

by 

R.  H.  KENT 


return  to  technical  staff. 

FIRING  RECORD  FILE. 


April  13,  1936 


f<JUL  2 1 1941 
RECORDED 

ABERDEEN  PROVING  GROUND 
ABERDEEN,  MD. 


o'. 


3-S 

Report  No.  i+8 


F.  A.  Form  No.  156. 


Frankford  Arsenal— 10-12-40— 1,000 


RESTRICTED 


■ 


ADDENDUM  TO  BALLISTIC  RESEARCH  LABORATORY  REPORT  NO.  48  (REVISED) 

by  R.  H.  Kent  jt 

Initial  and  Maximum  Values  of  the  Rognla-Kent  Dimensionless 

Pressure . * 


In  Ballistic  Research  Laboratory  Report  No. 

rives  Eq.  (9),  viz. 

\ 


rj  ^ 

1 d©7 


djai* 

dQ 


/j.8  Kent  de- 


where  y is  a mean  ratio  of  specific  heats,  r the  exponent  in 
the  rate-of-burning  law,  r,  the  free  volume  expansion  ratio, 
dnd  ©.  a dimensionless  time  variable.  For  fixed  values  of  r 
and  ~j  this  is  a universal  differential  equation  applicable  to 
all  guns,  subject  to  the  limitations  of  the  Roggla  theory. 

For  a universal  value  of  the  initial  second  derivative 


d2  r 

it  gives  q as  a universal  function  of  0,  and  thus  — ^ as  a 

universal  function  of  ri  , viz.  cp(p).  Except  for  the  ordinate 
scale  Roggla1  s P - ri  chart  for  his  "zero  degree  of  degressive- 

ness"  is  a plot  of  ( rj)  vs  q , so  that  - — & may  well  be  called 
the  dimensionless  pressure.  Go 

Together  with  the  values  r = 0.7  and  y = 1.2  Roggla  used 
a value  1000/43.5  = 23.0  for  the  ratio  of  maximum  pressure  to 
initial  pressure.  Numerical  integration  of  Eq.  (9)  led  to  the 
value  0.640  for  [<p ( rj)]  for  values  of  a about  equal  to 

0.028.  The  value  found  for  [v(rj)]max  was  not  sensitive  to  the 

value  of  a,  being  O.64O  for  a - 0.03.  Thus  one  can  say  that 
for  a = 0.0278,  M?(  q)} has  the  value  0.640.  The  ratio  of 

O.64O  to  0.C278,  however,  is  just  23.0.  We  thus  have  the  re- 
sult that  Roggla1 s "zero  degressiveness"  P -q  curve  correspond s 
to  the  values: 


<p(l)  = a = 0.0278 
max  = 0 • 640 


The  numerical  integration  showed  the  maximum  value  of 
m(q)  to  occur  at  q = 1.84,  Roggla1  s value  __.93  thus  being 
in  error  by  5% ■ 
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ROGGLA ' S 


Equation  and  its  application  tj  interior 

bAL^IsTIC  PROBLEMb  (RaVlbKD) 


Lome  time  ago  loggia  published  series  of  .interior 
ballistic  charts  together  with  a pamphlet*  explaining  the 
method  of  computing  velocities  ana  pressures,  while  uiese 
charts  have  a useful  field  of  application,  the  theoretical 
treatment  of  Roggla  way  also  be-  used  advu:rca0eousiy  in 
calculating,  without  their  aid,  the  perform. nice  01'  • new 
weapon  when  interior  call 1. tic  data  for  a weapon  differing 
not  too  widely  from  it  in  caliber,  muzzle  velocity  etc.  are 
known  or  in  calculating  the  effect  of  a change  in" bullet 
weight,  web  thicknes.:  etc.  in  a given  weapon . lor  this 
reason  an  exposition  is  given  of  the  deduction  of  topic's 
equation  anu  a description  of  the  metuou  01  its  application 
to  interior  ballistic  piobiems. 

Roggla ’s  equation  is  the  following: 


pl^P 


(y^-i)e-,  o-,b 


1 wiMi 


(y-i)  c a 


In  this  equation; 

p - pressure. 
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Y = a pseudo  ratio  of  specific  he^ts,  21 

e — tne  energy  of  tile  powdex  per  unit  weight. 


* Neue  Oia gramme  Fur  Die  Ange-.v&ndte  Innere  Ballistik;,  Theorie  und  Beispiele" 
Edmund  R&ggla,  Pilsen,  1930 

^Obtained  from  Roggla ' s (7)  on  pago  6 of  "Theorie  und  beispiele." 
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= the  density  of  the  ponder, 
b - the  specific  re. to  of  burning. 


r = exponent  of  pressure  in  the  rate  cf  burning  ley/  * 
0 = the  initial  surface  of  the  charge, 

= the  initial  free  volume, 

G’  = the  reduced  weight  of  the  projectile  which  takes 
account  also  of  the  weight  oi‘  charge, 

q = the  cross  sectional  area  of  the  bore. 


The  deriv  a t i ' n o f P o g £ .1  a ' s 
u ion  Besnl's  equation  which  may 


equa  tlcn  Geoends  fun*-' amen 
be  written  l.n  the  f e rm • 


lly 
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The  tern  under  I gives  the  r. .mount  -f  energy  del Ivor  f?d.  b^ 


3 rate 
insure  * 
'•'ling 


the  powder  charge  in  time  dt  en  the  assumption" that  th 
of  burning  is  uoporti ml  to  the  rth  -ewer  f the  .to 
The  term  unde"  II  is  the  work  done  during  the  corves oo 
time...  I he  term  under  ill  represents  the  'increase  in  t: 
internal  energy  of  the  -powder  gas.  However,  it  holes  ,nlv 
on  the  contrary  to  fact  assumption  that  the'  ratio  "T  the 
specific  heats  is  constant. 


The  internal  energy  of  a.  gas  of  mass,  M,  is 

/.T 


M 


o 


V.T  = M cyT, 


where  c is  the  specific  heat  at  constant  volume  and  T the 
absolute  temperature.  In  the  case  of  most  gases 


* While  the  experiments  of  Crow  end  Orimshaw  seem  to  have  shown  that 
when  a pure  organic  powder  i burnt,  the  rate  of  burning  is  directly 
proportional  to  the  pressure,  other  experiments  e.g.  tho  e in  the  240  mm 
howitzer  tend  to  show  that  when  there  is  a considerable  admixture  of 
black  powder  the  exponent  is  reduced  possibly  to  as  low  as  .7. 

Further  work  on  the  influence  of  black  ponder  on  the  rate  of 
burning  needs  to  be  done. 


c 


1 


where  c is  the  specific  heat  at  constant  >r  assure  a no  * 

is  the  gas  constant.  Hence  via  ray  write  the  internal  energy 
of  the  grs  as 

M c p T , , x . 

mc  t = — = 


V 


c0  - cy  S _ Sr 


If  c is  &.  constant,  then 


1 - Y - 1 


On  the  other  hand , if  c.  is  not  l e-nstf  nt  v?e  m 
designate  7 


by  ( 7 - 1) 


from  which  it  follows  that 


7 ~ 1 -L  - . 

c 


V/e  call  7 
If  cv 


the  pseudo  ratio  of  specific  heats. 

.s  e.  function  of  temperature . then  In  general  7 is 


r.  t* 

•\  n 

- i. 
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also  a function  of  temoeryture.  If 
temperature  of  the  powder  gas  is  not  to--  groa 
taken  as  approximately  c nstant  while  the 
the  bore.  In  view  of  jthls  the  7 in  a^sal 
should  be  replaced  by  7 . 

In  the  term  under  III,  v really  represents  the  free 
volume  back  of  the  projectile  whereas  under  II,  v represents 
total  volume.  By  free  volume  is  meant  the  volume  b ek  of 
the  projectile  minus  the  volume  of  the  unburnt  powder  and 
the  co-volume  of  the  burnt  oowder.  However,  on  the  a scum pt ion 
that  the  co-volume  of  the  powder  is  equal  to  the  v'lu.re 


* b is  the  co-volume  in  this  expression. 


of  tne  equivalent  mass  of  soliu  powder , the  equation  is 
still  valiu  in  this  respect.  While  this  is  not  accurately 
true,  it  is  possibly  not  a serious  error  in  view  of  the  fact 
that  Kesal's  equation  should  be  used  for  only  approximate 
computations . 

We  accordingly  revyrite  Hesal’s  equation  in  place  of 
(2)  as 

e a b 0 pr  at  = p dv  + h..,Av_t_v  ap  (2a) 

7-1 

and  v now  represents  the  free  volume  both  under  II  and  III. 

We  next  introduce  the  free  spo.ce  ratio,  Tj  , which  is  the 
ratio  of  free  volume  at  any  time  to  tne  original  free  volume. 

We  accordingly  obtain 

dv  = dri  * v . 

1 o 

The  assumption  is  made  that  tne  passive  resistance  is  pro- 
portional to  the  pressure.  As  a result  of  this  hypotnesis,  the 
work,  A - f pdv , is  given  by 

. _ G'c2 


where  G*  is  the  reduced  weight  of  the  projectile,  which  takes 
account  of  kinetic  energy  of  the  powder  gas  and  also  of  the 
work  of  the  passive  resistance  and  c is  the  velocity.  It 
may  readily  be  shown  that  if  G is  the  weight  of  the  projectile, 
L the  weight  of  charge  and  if  the  pressure  equivalent  to  the 
forcing  resistance  is  given  by 

* 

u.  Gdc 

gq  # dt  » 

then  the  reduced  weight  of  the  projectile  G 1 is  given  by 


G'  - G(l+  |i  + ) . 

V«e  accordingly  also  obtain 

G 1 

dA  = — cdc  = pav.  (3) 

O 

Since  the  velocity  is  the  derivative  of  the  travel  with  respect 
to  the  time  the  following  relations  are  easily  obtained: 


* In  othf r words,  p.  is  the  ratio  of  the  pressure  equivalent  to  the  forcing 
resistance  to  the  oressure  effective  for  the  acceleration  of  the  projectile. 
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v -2 

_2  djn  d 
q dt2; 
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(6) 


By  means  of  the  substitution  of  these  relations  -?  n (?a) 
one  obtains  ' 


dt3 


*n 


, „2. 


i) 

l-r  - 


where  B = (y-l)  e o b 0 (~^  ) 
» o'G’v  ’ 


1 

v 


(7) 


The  above  three  paragraphs  r.re  practically  eeul valent 
to  a translation  of  , 0 negro. hi  2 of  5!Neue  yyi sgro,sno  T “}■>»  rq  p 
Angowandte  Inner©  Bc.llistik,  Theorio  and  Keis  j ! ole . ” 

In  our  simplified  treatment  we  assume  that  the  t~t;  1 
burning  surface  of  the  charge  is  constant,  a oencUtl-V’ 
which  is  anoroximately  realized  in  the  cose  of  strip  ;.nd 
t ub u 1 ; i v i owd e r . 

Thus  Roggla » s equation  coolies  more  .recisei*/  to  grain* 
with  constant  burning  surface  and  not  to  degressive!'/  cc/tV 
progressively  burning  grains.  However,  for  the  latter  ootcu 
it  may  be  used  as  an  .approximation. 


Let  9 = .jt,  so  that 


T|  = j 


C1 9 


*n  " j 


>2  din 


d-9* 


Vi  = j3  ^ 

do-5 


* The  superscript  dots  signify  differentiation  with  respect  to  time 


Then  (7)  become: 
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'-Or 


IT  re  take  j ~ r^'  ‘ ‘ , (?)  reduces  to 
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_ “ ilu_  . lilTQ 
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(9) 


It  is  thus  evident  thr-t  on  hcggl  1 s snnz:.:;tinm  the;’ 
is  one  different Lol  equation  Tor  ■ ii  interior  belli  tic 
tra,j  ectories . 

We  nor  teke  initial  conditions  os  f llors: 
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<la\ 

d9j 
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SL,  < constant  for  all  trajectories 


The  first  ci'  these  condition?  holds  by  def-'niticn,  the 
second  expresses  the  fact  that  the  initial  velocity  is  zero 
while  the  third  is  undoubtedly  contrary  to  fact  but  is  very 
convenient  and  may  net  load  to  excessive  errors.  There  is 
only  one  solution,^  ~ f(9),  oi  (9)  satisfying  these  initial 
conditions  end  hence  on  the  given  e.ssumqt:*  ons  there  Is  only 
one  Interior  ballistic  trajectory,  rj  = f (-9),  f'-r  all  conbina 
tions  of  gun . yonder  and  orojectilo. 

Equation  (6)  gives  the  pressure  as  a function  of  the 

. Eo  7' 
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j 2<p  (n) '» 


_6- 


tj.me 


where  the  function  f is  the  inverse 

defined  by 


ic  >(T|) 


p(*n)  = f«* 


(■n']  • 


Hence  th°  pressure  e-n  he  expressed 
free  space  ratio,  r|,  ps  fellows: 
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The  value  of  rj  at  wh?  ch  porf 
'■position  of  maxi 'nun  rssKM.rt . 


0'..u  ’G’.i"1  t v 70s  ; uo 


If  ? end  0-j  too  the  .rcssuros  j--  t.v>  oily  or-*nt  :oa  ■■-'nr, 
and  tj  and  ru  tflct?  corros  onne  Lng  f^ee  ? itco  r;  {.  ’ or  no 

x G 1 y 

nave,  letting  - _£  , the  coefficient  of  n in  , ho  > 

£h  o 

q 

and  the  corresponding  c-ofi  Leix-nt  for  too  c;  s<=  of  the  sec  nd 
weapon  be  1<1  , 

:•  - kr) 

°1  “ ‘1^1 0 


:’rom  thn  rbovo  nalrti 'ns  *~v  obtain 


0 = 


-i ' 


o 

o 
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•LJ1 


-Q-^l  , 


-O'-; 


where  9j_  - j j_t  and 


3-2r 
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•<ne 


Pi  X V'! 

X J.  / ..  \ 


U T)1 

ji-i:  - 


i or  equal  free  s ;ace  .ratios,  that  its  f r ru  - r\  , 


■ 3 K s d y 


Substituting  in  this  equation  the  values  of  k end  B»  we 
obtM in  I oggl;  1 s equation 

1 

3-2r 


(1 


if ince  for  tro  given  sets  of  conditions  the  ratio  of  i: 
to  q is  constant,  I r.  fallows  that  the  ratio  of  tile  start- 
ing '<res sure s is  lh;  sane  c-nstr.nt.  ihls  is  tncx-ef  ore  an 
additional  assnoticn.  It  car  be  stated  in  this  fora:  the 
ratio  of  the  starting  or  assurer.  is  assumed  to  be  equn1  fr- 
the  ratio  ' 


> o f the  me .j'.Lmum  a r e s & \ xr  o s 


- •'  "-'V  ers  J.)  JT. 

the  .density  are  unchanged 


t LiX'fidv-7n  th‘  t ii  the  r.h:  >g  of  iuie  gr,  in  ax 


0 


0 


L 

“ 


If  t\i o c on o o s I t.l ono  o 
“'•nation  (1)  becomes 


f the  iovrder  are  si 


;o  identical, 


* Ve  distinguish  between  7 j and  7 in  this  expression  is  spite  of  our 
assumption  tha t 7 = 7 because  a relatively  small  change  in  7 will 

produce  a relatively  large  change  in  (7  - 1) . 

* * C is  the  weight  of  charge,  w is  the  web  thickness. 


i rom 


Several  Interesting  deductions  m v be  made  directly 
this  equation;  one  is  that  if  the'  web  thickness  de- 


creases while  the  rax 
position  of  the  -joint 


mum  pressure  is  kept  the 
of  maximum  w assure  will 


same  the 
be  at,  a 


greater  distance  from  the  breech  than  formerly . 


must 

.1  s a 
free 


It  follows  directly  from  equation  (ll)  that  if  w is 
than  yj  and  the  ores  sure  remains  unchanged,  v 1 

^ ’ O-^ 

be  greater  than  v . rs  is  shown  on  -sage  7 the  pressure 
function  of  the  free  space  ratio.  Pence  if  the  initial 
volume  is  increased  it  follows  that  the  travel  for  a 


given  free  space  ratio  will  be  greater.  Hence  since  the 
co sit ion  oi  the  point  of  maximum  pressure  deoonds  directly 
on  the  free  soaee  ratio,  it  follows  that  for  the  quicker 
powder  the  ooint  of  maximum  oressure  will  bo  further 
removed  from  the  breech. 


Ibis  equation  may  also  be  used  for  deriving  the  differ- 
ential coefficients  for  the  maximum  oressure  which  are  used 
in  correcting  maximum  pressures  for  weight  of  orr.jecti le, 
chamber  capacity,  etc. 


Ve  write  (See  Hitchcock's  "Differential  Coefficients 


for  Interior  Ballistics1',  rile  l:-II-23) 
do 


- a 


dC 
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u dV  , „ dC,  v 

n ~ ni  iJT  1 


aw 

1 v?  ’ 


whore  p represents  the 
c h;  mb  or  c n pr  c i ty . 

mr  ximurn 

If  we  now  let 

oressure  and  v re  presents  the 


0-.  = P -r  d.O, 

= C + dC, 

= v?  + dw,  etc., 


we 


obtain  from  (11) 


1 + 


do 
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dC 
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dv 


3-2r  v 
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1 dC'  2 
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-2r 
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d W 
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(12) 


In  Cc.sg  tho  chamber  CciOciCity  V is  ks )Jc  eonsbcUiij  then 

dC 


dv 


a 


since 


v 


o 


a 


In  case  the  charge  is  kept  constant  while  the  chamber  volume- 
var  Les , 


Hence 


ctv  = dV . 

r> 


dv 


aV  - 


dC 


ana 


av 
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V dV  _ C _ dC 

v V a v 

o o 


Kquat Lon  (12)  for  the  differential  coefficients  thus 
becomes 


1 . V 

3-2r  vn 


JV  _JL dGf  2 dv,- 

V 3-2r  G»  3-2r  ir 


(13) 


For  ourooscs  of  c 
coefficients  have 
equation,  taking 
together  with  the 
are  deduced  from 
some  experimental 


om jr  risen,  the 
been  ca  routed 
r = .7,  .8.  and 
v si  u e s g 1 v en  i 


values  of  the  differential 
for  two  guns  from  the  above 
1 and  olaced  in  a table 
n Hitchcock’s  oc  ~er  which 


the  Interior  Ballistic  Tables  and  also 


values . 


-io 


In  the  Table  the  values  computed  by  Roggla ' s equation  are 
headed  by  R,  Hitchcock's  values  by  H,  and  the  experimental 
values  by  E. 


Gun 

V 

Wt.  of 

Wt. 

^roj . 

of 

— 

75  mm 

84 

11.72 

1.316 

Mod. 

1897 

3 "Ml 

296 

15 

4.61 

1917 


Exp. 
r 


'R 


CL, 


H 


P 


R 


.7 

1.48 

-.851 

.625 

-1.25 

.8 

1.69 

> 1.43 

2.01 

-.98’ 

-.75  - 

.92  .715 

>.63 

-1.43  > 

1.0 

2.37) 

I 

-1.37 

1.00  J 

I 

-2.00 

J 

.7 

1.49* 

-.8? 

.625 

-1.25 

.8 

1.70 

• 1.57 

1.67 

-.93 

>-.77 

.715 

'.65 

-1.43  - 

1.0 

2.38 

J 

-1.37 

J 

1.00 

J 

-2.00^ 

-1.46 


NOTE:  The  few  experimental  values  are  obtained  by  the  use  of  coppers,  the 
coefficients  might  be  appreciably  different  if  they  were  determined 
by  the  piezo-electric  gauge. 


Ihe  coefficients  have  been  computed  as  shown  above  for  various  values 
of  the  exponent,  r,  of  the  pressure  in  the  rate  of  burning  law. 


-11- 


In  conclusion  we  proceed  to  solve  some  problems  by 
means  of  hoggin’ s equation  and  check  them  by  the  firing 
results . 

1st  Problem 

Given 

Chamber  capacity  - 84  cu.  in. 

Weight  of  charge  - 1.316  lbs. 

Density  of  powder  - .057  ib/in3 
Weight  of  projectile  - 11.72  lbs. 

Maximum  pressure  - 23,350  lbs. 

Required:  to  compute  the  maximum  pressure  in  the 
same  gun  with  the  following  conditions 

Chamber  capacity  - 84  cu.  in. 

Weight  of  charge  - 1.551  lbs. 

Weight  of  projectile  - 15.96  lbs. 

The  powder  is  of  the  same  lot. 

The  results  obtained  by  the  computations  are  the  following: 

For  r = 1,  px  = 47,100 

For  r = .8,  = 38,600 

For  r = .7,  pjL  = 36,200 

Observed  pressure.  35.200 

2nd  Problem 

Given 

C = 20.2  oz. 

V = 84  cu.  in. 
p = 30,370  lb/in2 

Required:  to  compute  p1  if  C1  = 18  oz.  and  other 
variables  are  unchanged. 

Result  of  computations: 

pq  — 5 , 540 

Pq  observed  = 25,300. 


/ 


3rd  Problem 

Given 

0 = 1 . dc>  1 iJS  . 

V = c a.  in. 
p = 36,330  id/ in  2 

Required:  to  compute  p,  for 

= .,>45  lbs. 

V-,  = 35  eu.  in.,  iaiu  other  variables  unchanged. 

The  result  of  computation: 

p^  = 16,000  Lb/ in2 
observed  - 16,150*. 

- 1‘Oui  cao  above  examples,  it  may  be  seen  that  very  satis- 
lactory  results  are  obtained,  using  r = .7.  Hence  in  spite 

01  the  fact  tnat  we  know  that  the  rate  of  burning  of  trie 
pure  organic  powder  in  the  closed  chamber  is  unity,  in 
view  of  tno  more  satisfactory  results  obtained  by  the  ex- 
ponent .7,  such  an  exponent  should  oe  used  in  applying 
loggia 1 s equation  to  ordinary  problems.  There  is  evidence 
that  the  reduction  of  the  exponent  below  unity  serves  to 
compensate  for  the  contrary  to  fact  assumptions  that  the 
starting  pressure  is  proportional  to  the  maximum  pressure  and 
that  the  forcing  resistance  is  proportional  to  the  acceleration 
of  the  projectile. 

I am  inciebcGci  to  Miss  ii,  X.  Hart  for  help  in  the  revision. 


lb.  H ■ llsUet 
R.  H.  Kent 


* The  last  two  examples  were  computed  by  Mr.  Sane,  using  r = .7. 
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